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A computer model of the renal countercurrent system
JOHN STEWART, MICHAEL E. LUGGEN and HEINZ VALTIN
Department of Physiology, Dartmouth Medical School, Hanover, New Hampshire
A computer model of the renal countercurrent system. In this
model the following anatomical features are represented: a) thin
descending limbs of Henle; b) thin and thick ascending limbs of
Henle; c) distal convoluted tubule; d) collecting duct; e) descend-
ing and 1) ascending vasa recta; g) interstitium. Fluids are
represented by water with two solutes, urea and 'electrolytes'.
Methods are described for obtaining steady state values of inter-
stitial concentrations and tubular fluid flow rates and concentra-
tions, for any given set of membrane permeabilities and transport
properties. The following set of permeabilities is used to model
an antidiuretie kidney: water permeability moderate in de-
scending limb of Henle, low in ascending limb, bigh in distal
tubule and collecting duet; urea permeability high in descending
and thin ascending limbs of Henle, low in thick ascending limb,
distal tubule and cortical collecting duet, and moderate in
medullary collecting duct; electrolyte permeability high in de-
scending limb of Henle; active electrolyte reabsorption limited
by a concentration gradient of 200 mOsmJkg H20 in the entire
ascending limb of Henle; fixed absolute and relative electrolyte
reabsorption from the distal convoluted tubule and collecting
duet; high passive permeabilities to water, urea, and electrolytes
in descending and ascending vasa recta. These conditions result
in substantial interstitial eortieo-papillary concentration gra-
dients not only for electrolytes, but also for urea, which every-
where moves passively. Urinary and papillary osmolalities are
both 1819 mOsmjkg H2O.
Un modèle sur ordinateur du système a contre courant renal.
Dans ce modèle les earaetéristiques anatomiques suivantes sont
représentées: a) les parties gréles des branches descendantes des
anses de Henlé; b) les parties gréles et les parties larges des
branches ascendantes de Henlé; c) le tube eontourné distal; d) le
canal eollecteur; e) la branehe deseendante et f) Ia branche
aseendante du vasa recta; g) l'interstitium. Les liquides sont
représentés par de l'eau et deux substances dissoutes: l'urée et
"les electrolytes". Les méthodes qui permettent d'obtenir des
valeurs stables des concentrations interstitielles, des debits et des
concentrations tubulaires pour chaque ensemble donné de per-
méabilités de membrane et de propriétés de transport sont
décrites. Les perméabilités suivantes sont utilisées pour rdaliser
le modéle d'un rein antidiurétique: perméabilité a l'eau modérée
dans la branche deseendante de l'anse de Henlé, faible dans Ia
branehe aseendante, élevée dans le tube distal et le canal collee-
teur; perméabilité a l'urée élevée dans Ia branehe deseendante et
Ia partie grèle de la branehe ascendante, faible dans la partie
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large de Ia branehe ascendante, le tube distal et le canal collee-
teur cortical, modérée dans le canal collecteur médullaire; per-
méabilité aux electrolytes élevée dans la branche descendante;
reabsorption active d'éleetrolytes limitée par un gradient de
concentration de 200 mOsm/kg H20 dans Ia totalité de Ia
branche aseendante; réabsorptions d'éleetrolytes absolue et rela-
tive fixes dans le tube eontournd distal et le canal colleeteur;
perméabilité passive élevée a l'eau, l'urée et aux electrolytes dans
les branches ascendantes et descendantes des vasa recta. Ces
conditions ont pour consequence des gradients eortieo-papil-
laires non seulement d'electrolytes mais aussi d'urée, qui est
transportée passivement en tout lieu. Les osmolalités urinaires
et papillaires sont toutes deux de 1,819 mOsm/kg H20.
The potential value of theoretical analyses of the mecha-
nisms of concentration and dilution of urine by the kidney
has been evident ever since Brodsky et al [1] demonstrated
the impossibility of active water transport, and Kuhn and
Ryffel [2] proposed the countercurrent system as an alter-
native mechanism. These theoretical considerations even-
tually led to a complete reevaluation of the mechanisms for
concentrating and diluting the urine [3—5]. It is therefore
not surprising that many aspects of the renal countercurrent
system have been studied mathematically [6—16]. However,
partly because of the difficulty of obtaining analytical
solutions, no successful model incorporating all the ele-
ments of the system —loops of Henle, vasa recta, and col-
lecting ducts —has yet been reported. In this paper the
results of an attempt to simulate the countercurrent pro-
cesses of urine formation on a digital computer are pres-
ented. The initial purpose of constructing this model was
to determine whether current concepts of the mechanisms
by which mammalian urine is concentrated are adequate
to account quantitatively for experimental data. The effects
on simulated renal function of systematic variation in mem-
brane permeabilities in various parts of the nephron will
be examined in subsequent papers.
Methods
The digital computer facilities of Dartmouth College
(Kiewit Computation Center) were used.
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Although the general processes of urine formation are
probably similar in all mammalian species, there are dif-
ferences in detail both between and probably within species
[17, 18]. The present model is based on anatomical and
functional data from rat kidneys.
Anatomy. The anatomical structures represented in this
model are shown in Fig. 1. Five distinct segments of the
nephron are recognized: a) the end of the proximal tubule
(not itself specifically represented in this model) delivers
fluid to the descending limbs of the loops of Henle at the
junction of the outer and inner stripes of the outer medulla.
Seventy percent of these loops turn directly into thick
ascending limbs after descending approximately 1.5 mm
into the medulla. The remaining 30% of the descending
limbs run varying distances into the inner medulla, 10% of
them reaching right to the papillary tip, with a total length
of 6 mm; b) the thin ascending limbs of Henle's loops run
from their turn in the inner medulla to the junction between
inner and outer medulla; c) the thick ascending limbs
continue 3 mm into the cortex, before turning into d) the
distal convoluted tubule. After about 3 mm, four distal
convoluted tubules join into e) a single collecting duct. The
collecting ducts run 1.5 mm through the outer medulla; at
the junction with the inner medulla, the collecting ducts
unite into pairs; and six further junctions between col-
lecting ducts occur at regular intervals into the inner
medulla.
The arterial blood supply passes through the outer
medulla in cone-shaped bundles. Arterial and venous vasa
recta do not unite directly; rather, the arterial vasa recta
supply an adjacent capillary plexus, which is then drained
by venous vasa recta [19].
Function. In this simplified model, the tubular fluid,
plasma and interstitial fluid consist of water with only
two solutes, urea and 'electrolytes'. The forces governing
transepithelial movement of these substances are shown in
Fig. 2. Water and urea everywhere move passively in ac-
cordance with their chemical concentration gradients. Thus,
Vasa recta
Fig. 1. Anatomical features of the rat kidney which were taken as a basis for the computer simutation. Proximal tubules with partes
rectae (drawn by interrupted lines) were not included in this model.
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Fig. 2. Forces governing the transepithelial movement of water,
urea and electrolytes in the various anatomical structures that were
incorporated into the computer model.
in the model, Water and urea movements are determined
by the values assigned to the membrane permeabilitiest of
the various sections of the tubules and blood vessels. The
only exception is the amount of Water moving into the
capillaries and thus draining into the venous vasa recta.
This is set equal to the exact amount necessary to keep the
interstitial volume constant. This, of course, is essential in
any steady state solution. The most plausible explanation
for this water movement into medullary capillaries might
be that interstitial volume and hence interstitial hydrostatic
pressure, will continue to rise until the balance of Starling
forces across the capillary walls is sufficient to cause exactly
the required amount of net water entry.
Movement of electrolytes (mainly sodium chloride) is as-
sumed to be passive in the descending limb of Henle and
blod vessels. Electrolyte transport out of the ascending
limb of Henle is active [20], and is determined by an
assigned limiting concentration gradient. Electrolyte move-
ment out of the distal convoluted tubule and collecting duct
is also active, but is set at an assigned value independent of
concentration gradients. Finally, a small component of
cortico-medullary diffusion for both electrolytes and urea,
proportional to the concentration gradient between adjacent
interstitial segments, is included in this model. This has a
practical advantage of stabilizing behavior of the model
under the convergence methods outlined below.
Method of solution. A list of all the symbols used in this
section, together with their dimensions and definitions, is
given in Table 1.
Passive diffusion is conventionally described by an equa-
tion of the form
=
area of the membrane, k5 is the membrane permeability per
unit surface area, and c is the concentration gradient at the
point considered. When considering movement across a
membrane, c is usually taken as the concentration difference
(not gradient) across the membrane, in which case k5 has
the dimension cm seC1. Equation (1) can be applied to
the case where fluid flowing along a tube is modified by
passive transepithelial movement. Consider a small length
of the tube, Ax; the total area is given by a =g Ax, where
g is the surface area per unit length. Let the intratubular
flow rate of substance s be (x). By conservation of mass,
the decrease in intratubular flow rate as the fluid passes
through this segment, AS, is equal to the rate of addition
of substance s to the interstitium; i.e.,
ds (2)
Substituting for -f and a in (I), we have
AS=gAxk5c. (3)
This corresponds to the differential equation
d 5(x)dx = —gk5c. (4)
The processes represented by Equations (1) and (2) were
simulated on the computer in the following way. The
medulla was divided into a large number of thin horizontal
segments, the jth segment having a height Ax. Let the
water, urea, and electrolyte contents of the jth interstitial
segment be wj, u and ej, respectively. The mean concentra-
tion of a particular solute over the whole of the jth segment
is then s/w, where s may refer either to urea (ui) or to
electrolyte (ei).
Suppose that the rate of intratubular flow of substance s
is j, where S may refer to water, W; to urea, U5; or to
electrolytes, E. [Note that since the distance into the me-
dulla, x, increases regularly with segment number, j, is
analogous to (x).] If solute s moves along the tubule solely
as a result of bulk flow, i.e., if longitudinal diffusion and
mixing are negligible, then its intratubular concentration is
given by S5/W5. If the fluid is flowing in the direction from
the jth to the (j + l)th segment, then by the time it leaves the
jth segment, this fluid will have moved a certain distance
towards equilibrium with the interstitial fluid at the junc-
tion between the jtlt and (j + l)t segments. The interstitial
concentration at this point can be taken as the mean over
the jth and (j + l)th segments combined, i.e., (s + s +
(1) (w + wj÷ ). Hence the concentration difference from lumento interstitium can be taken as
c= [S 5fW5 —(s5 +s5+1)I(w3 +w+)]. (5)
Substituting for c in Equation (3), we have
AS5 =gy Ax5 k5 [S5/W5 —(s5 +s+1)/(w +w5+1)], (6)
Nephron Vasa recta
- Elec
Water
* Urea
where --- is the rate of movement of substance s, a is the
1 'Permeability' in the computer run is the product of the per-
meabilities listed in Table 2, and the geometric characteristics
illustrated in Fig. I.
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Table 1. List of symbols used, and their dimensions and definitions
where A ki is the decrease in intratubular flow rate of s as
the fluid passes through the jt1 Segment, and A x gives
the total surface area of all the tubules in this segment.
From Equation (2),
dS.
_di = ASS,
where is the rate of addition of s to the jth interstitial
segment and A Si is given by Equation (6). During a unit
period of time the interstitial content of the jt segment, s,
will have been increased by an amount 1 -.
(7) In summary, the result of fluid passage through the jth
segment during unit time is that 5 is replaced by 5 +
and the rate of delivery of s to the next tubular Segment,
number
Symbol Dimension Meaning
moles time5
moles time1
a area
length time1
c moles volume1
x length
Number of the interstitial segment. j = 0 refers to cortex plus outer stripe of outer medulla; j = 1 through
S refers to segments in inner stripe of outer medulla; j = 6 through 20 refers to segments in inner medulla.
Rate of movement of substance s across membrane.
Rate of addition of substance s from tubular lumen to jth interstitial segment of renal medulla.
Area of membrane across which substance is moving.
Membrane permeability to substance s per unit area.
Concentration difference across membrane; when applied to tubule, concentration difference from
lumen to surrounding interstitium.
Longitudinal distance along tube; specifically, vertical distance into renal medulla measured from
cortico-medullary junction.
Small length of tubular segment.
Length of tubular segment in jth thin horizontal section of renal medulla.
Surface area per unit tubular length; i.e., g Ax=a.
Total surface area per unit length of all tubules of a particular type in j0' segment.
Rate of longitudinal tubular flow of substance s at point x.
Decrease in (x) as fluid flows through tubular segment of length Ax.
Rate of tubular flow of substance s at entrance to jth segment.
Rate of tubular flow of water at entrance to jt segment.
Rate of tubular flow of urea at entrance to jth Segment.
Rate of tubular flow of electrolytes at entrance to jth segment.
Decrease in as tubular fluid flows through jt1 interstitial Segment.
Water content of jt11 medullary segment.
Urea content of jtb medullary segment.
Electrolyte content of jth medullary segment.
Solute content of jt medullary segment; may refer either to u or e.
Value of s before ith cycle of iteration.
Total change in solute content of jtl medullary segment as a result of simulated fluid passage through
descending and ascending limbs of Henle's loop, collecting duct, and descending and ascending vasa recta.
Value of A Si resulting from ith cycle of iteration.
Modified value of SJ=S+m As.
Common multiplication factor (see above).
Multiplication factor used specifically for jth segment after i cycle of iteration.
Used in iterative process to regulate modification of quantity X; Xflew/XoJd constrained to lie between R
and hR. R always between 0 and 1, and usually itself confined to a smaller range.
Rate of urinary excretion of urea.
Specified value of U,, to be attained at equilibrium.
Amount of electrolyte deposited in entire medulla by the nephrons per unit time.
Amount of electrolyte removed from medulla by vasa recta per unit time.
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jth interstitial segment is now moving towards equilibrium
with the interstitium at the junction between the jth and
(j — 1)° segments. Fluid passage through the ascending limb
was followed by simulated passage through the distal con-
voluted tubules and collecting ducts. Blood flow through
the vasa recta was simulated in analogous fashion.
In order for this sequential method of simulation to
provide a satisfactory representation of the true situation
of simultaneous flow in all the tubular segments, it was
important to ensure that was always very small com-
pared to s. This was achieved by assigning relatively large
values to all the s; specifically, w/*1 was set at 8,000.
As a result of one cycle of simulation, the contents of
each medullary interstitial segment will be modified by
fluid passage through descending limbs of Henle, ascending
limbs of Henle, collecting ducts, descending vasa recta, and
ascending vasa recta fluid —five times in all. If the inter-
stitial concentration profile for both electrolytes and urea
is truly at an equilibrium, the net result of these five
modifications, will be to leave the interstitial con-
centrations unchanged in each of the 20 segments. If the
interstitial gradient is not at an equilibrium, the resulting
net modification can in principle be used to obtain an
improved estimate of the required equilibrium profile.
Methods of convergence. The major problem with this
method of obtaining equilibrium solutions lies in making
efficient use of the information from a non-equilibrium
cycle in order to obtain an improved estimate of the
equilibrium gradient. This proved particularly difficult for
urea, since here the ultimate equilibrium condition was set
by a specified rate of urinary urea excretion (necessarily
equal to the rate of urea production). The circular depend-
ence of urinary excretion rate on interstitial gradient, of
interstitial gradient on plasma urea concentration, and of
plasma urea concentration on urinary excretion rate and
clearance, made it difficult to achieve rapid convergence
and simultaneously to avoid positive feedback oscillations.
For these reasons the convergence procedure was divided
into two successive stages.
a) Gross linear modifications: as an obvious first step,
the change in solute content of the jth segment from a cycle
of five modifications, A s, was multiplied by a common
factor m, i.e.,
s=s+mAs, (9)
where s is the new solute content of the jth segment. s/s
was constrained to lie between R and hR for all values of j,
by limiting the common multiplication factor m. The pur-
pose of this restriction was to keep all the new s within
reasonable limits, and in particular to prevent any s from
becoming zero or negative. The parameter R, which was
used to define the range or 'window' of permissible values
of sj, was usually taken to be between 0.3 and 0.8.
In practice, however, the values of m allowed by this
condition were so low that overall convergence was very
Tubule
Interstitium or Blood
Vessel
Interstitium
Si
,
I
.A Si fSegment numberj
(j = ito 20)
',
V
—A
Tubular flow rate becomes —'
In unit time, content s of the j'1' interstitial
segment becomes
s3+!, where
Fig. 3. Diagram illustrating the method of solution. One of the
20 equal horizontal segments into which the medulla was divided
is shown. Note that decrease in tubular flow rate, A S, is equal
ds.to rate of addition of solute s to jth interstitial segment,
Details are described in the text.
j+1' is given by the equation
(8)
and A are equal (Equation 7), and hence are both
given by the right hand side of Equation (6). Values for the
geometric parameters g and Ax were obtained on the basis
of the anatomical model described above, and values for k
were taken from the literature (Table 2). Given S1,
, w and wi+l, it was therefore possible to compute
and A . An upper limit on both IA S and4 was set as
the amount of solute movement which would lead to
complete equilibration of tubular fluid and interstitium.
This whole operation, which was used as the basic unit of
the computer simulation, is illustrated in Fig. 3. Water
movement was handled similarly.
Initial values were assigned to all the sj and w, corre-
sponding to assumed concentration profiles in the medul-
lary interstitium; wi + 1/wi was set at 0.85. Fluid delivered
from the end of the proximal tubule to the descending limb
of Henle's loop was simulated by taking appropriate values
for ATØ and S0. Simulation of fluid passage through the
descending limb for unit time was then carried out, re-
placing i by i+1 and s by s + (as described above)
for each of the medullary segments in turn. The simulated
tubular fluid at the bend of the loops of Henle was then
taken as the inflow to the ascending limb; the results of
fluid passage through the ascending limb were calculated
similarly, with the difference that fluid flowing through the
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slow. Thus the following gross modification was super-
imposed on the new solute content, 5j. If the urinary urea
excretion rate resulting from one cycle was U1,, whereas the
specified equilibrium value was U, then the urea content
of all segments, including cortex and plasma concentration,
was multiplied by (U/U). For electrolytes, if the amount
of electrolyte deposited per unit time in the entire medulla
by the nephrons was Ed, whereas the amount removed by
the vasa recta was Er, then the electrolyte content of each
segment was multiplied by (Ed/Er). Both (Ed/Er) and
(U/U1,) were subjected to the limitation that they should
lie between R and l/R; R was usually chosen to be in the
range of 0.3 to 0.8.
b) Modified Newton-Raphson: when both (U/U1,) and
(Ed/Er) were between 0.9 and 1.1, it was considered that
the gross linear modifications had produced a satisfactory
initial estimate of the gradient. The convergence method
illustrated in Fig. 4 was then employed. Suppose the inter-
stitial content of solutes, s (either urea or electrolyte), was
s, in the jth segment before the cycle of modifications;
and suppose that the net change resulting from the cycle
was A This change was then multiplied by a modifica-
tion factor, mi,, to give a new interstitial content
sJ(,+1)=s1+m, . (EAs,) (10)
(where m is further defined below). The interstitial gra-
dient defined by 5i(i+1) in turn gives rise to a set of net
changes A + 1) By considering the similar triangles
ABC and DEC in Fig. 4, it can be seen that an estimate of
which should result in 4i(i+2)=0 is given by
m0÷2y JO+l) — mO+l) AsJO+1)+m, As. (11)AsJ(1+!) —
EAsio+l)
(1 + 2) is then calculated by combining equations (10) and
(12); an initial value of was taken as 0.1 wj.
The method would give rapid and accurate convergence
if As1 were a function of s, alone. However, As is
also a function of all the s to 2o' in addition to the inter-
stitial profile for the other solute. Nevertheless, the method
worked reasonably well in practice when constraints were
set on mu, such that m1 I and mu(,+l)/m,  10. In addi-
tion, it was required that 5j(i+1) should always lie between
R and (1/R) s, where R was a window usually chosen
in the range of 0.5 —0.95.
Tests of convergence. It is clearly critical to try and ensure
that the methods of convergence used were giving rise to
unique, truly convergent solutions. As noted above, at a
true solution all the A Si' will be very small. It was found
empirically that at a presumptive solution (i.e., a stable
solution under the modified Newton-Raphson method of
convergence), the A s, generally of the order 0.01 S,
i.e., only 1 % of the tubular flow rate. This may be com-
Fig. 4. Modified Newton-Raphson method of obtaining conver-
gence. The abscissa, s, is the interstitial content of the jt hori-
zontal segment; particular values s, ' 5i(i + 1)' and 5i(i + 2) refer to
values of Si before the (i+ l)t1, and (i+ 2)°' iterations. The
ordinate, 2Asu, represents the net change in caused by one
cycle of five modifications, i.e., simulated passage of fluid
through: a) the descending limb of Henle's loop; b) the ascending
limb; c) the collecting duct; d) the descending vas rectum; and
e) the ascending vas rectum. A s, and A 5(1 + 1) refer to
particular values for the ith and (i+ 1)th iterations.
pared with individual A S of the order of 0.1 Si. It does
indeed seem reasonable that if the sum of five terms each
' 0.1 Si is 0.01 Si, then a near-equilibrium state has(12) been attained. Conversely, it was found empirically that
whenever a non-equilibrium interstitial gradient was as-
sumed, As was consistently , i.e., much greater than
0.01 S. A routine test of convergence was thus that A
should be  0.01 Si for all j segments. This provides for
an accuracy in the final solution of approximately 1 %.
Initial starting positions: if the convergence method is
valid, the final solution should obviously be independent
of the arbitrarily assumed initial interstitial profiles. In
order to test this point, several widely different initial posi-
tions were used for the same set of permeability and trans-
port coefficients.
Number of horizontal segments: for this method of
solution to give valid results, each horizontal segment
should effectively be indefinitely small, so that the solution
should be independent of the actual number of segments
used. This point was tested empirically by running the
same set of permeability and transport coefficients with
the medulla divided into 20, 40, 80, and 160 horizontal
segments.
ASs
S As31
j (I + 1) (5 A (1 +
Si
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A s 0.01 was satisfied. Although generally rea-
sonable, the convergence as illustrated in Fig. 5 is not
always uniform (e.g., that exhibited by the electrolyte solu-
tion at the 55th iteration in Fig. 5 a). This is probably due
to the fact that Figs. 5 a and b are based on concentrations
at the papillary tip, i.e., the 20th segment alone, whereas
the program is attempting to achieve convergence for all 20
interdependent segments at the same time. In fact, the
highly complex interdependencies of the solutions for con-
centrations of two solutes in each of twenty segments make
it difficult to apply customary criteria for uniformity of
convergence. However, an indication that the convergence
methods used here were indeed adequate is given by the
fact that they always resulted in presumptive solutions which
satisfied the convergence criterion A  0.01 S for at
least three successive cycles. This implies that all such solu-
tions were essentially stable. In addition, the adequacy of
the convergence method, when the convergence condition
A s 0.01 was ultimately met for all 20 segments
simultaneously, is illustrated in Fig. 6, which shows the
final interstitial concentration profiles resulting from four
widely different starting positions. It is clear that the four
starting positions had given rise to essentially identical
solutions. Thus in this case at least, the theoretical require-
ment was satisfied that the final solution should be in-
dependent of the starting position. It may also be seen from
Fig. 6 that the accuracy of the final solution as judged
quantitatively from the divergence between solutions from
the different starting positions, is ''2%, which is the same
order of magnitude as that predicted from the convergence
condition.
Test of the number of horizontal segments. The result of
duplicate runs with the medulla divided into 20, 40, 80, and
160 segments is shown in Fig. 7. It is apparent that as the
number of segments was increased from 20 to 160 there
was no substantial or consistent change in the nature of the
solution. It thus appears that even the smallest number of
segments, 20, was in practice indefinitely large, and that the
solution obtained was reasonably independent of the
number of segments. For reasons of economy, all subse-
6000
5000
Starting position 'C' V V
Starting position 'B'U
Total
Results
Test of convergence based on different starting positions.
Figs. 5 a and b show the approach to convergence from
four widely different initial interstitial gradients. Iterations
were continued in each case until the convergence condition
4000
a..
.2 3000
I
. 2000
a-
aVUa0
C.)
a'
1000
a
a,
Ce
0
position 'D'
Electrolytes
Starting position 'D' A
0 10 20 30 40 50 60 70
Cycles of iteration
a
0 10 20 30
Cycles of iteration
b
40 50
Fig. 5a and b. Approaches to the same convergent solution for simulated antidiuresis from four widely differing starring positions.
Each symbol represents results obtained with a different starting position. Solid symbols denote total papillary osmolality and
open symbols the papillary electrolyte concentration; the difference between them, shaded by diagonal lines, is the concentration
of urea at the papillary tip.
40 80 160
Number of segments
Fig. 7. Comparison of the interstitial concentration profiles for
0 5 10 15 20 electrolytes and urea when the medulla was divided into 20, 40,
Segment number 80, and 160 horizontal segments. In the simulation of antidiuresis
used for this test, the osmolality of the papillary tip, and hence
Fig. 6. Interstitial concentration profiles for electrolytes and urea of the urine, was about 3,000 mOsm/kg H20 instead of 2,000, as
after convergence from each of the four widely different starting in the simulations depicted in Figs. 5 and 6.
positions shown in Fig. 5.
Table 2. Dimensions, and permeabilities for water, urea and electrolytes in five nephron segments and vasa recta, used for simulating
a rat kidney in antidiuresisa
Internal tubular
diameter (pm)
Permeability (10— cm sec1)
Water Urea Electrolytes
Descending limb
of Henle's loop
14
(148,23)
1,000
(4,00023)
30
(3023)
30
(3723)
Thin ascending limb
of Henle's loop
Thick ascending limb
of Henle's loop
14
(14823)
14
330
(40023)
100
20 1
(1623) J
0.2 I
I.
Active transport
to a gradient
of
200 ,nOsm/kg H20
Distal convoluted
tubule
Medullary collecting
duct
16
(168,23)
30
(308,23)
2,000
(4,10021)
1,300
(2,40023)
0.2 '
(0.2- 129) J
16 <I
(,._2523293O) I
Active transport:
constant absolute
and fractional
reabsorption
Vasa recta 15
(158.23)
20,000
(3,30023)
400
(4723)
400
(4031)
a Where available, representative data from the literature are given in parentheses; references are in superscript.
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quent simulations were performed with 20 horizontal
segments.
Basic solutions. The parameters used in attempting to
simulate a rat kidney in antidiuresis are given in Table 2.
Representative experimentally measured values, taken from
the literature, are also given for comparison. Hydrostatic
permeability coefficients, L9, rather than unidirectional
diffusional permeability coefficients, d, are appropriate
for bulk flow; L9 may be about 20 times greater than
d [211. These permeabilities were multiplied by the ap-
propriate geometric factors, g .4 x, to give the values used
in the computer program. In order to aid interpertation of
Table 2, three levels of permeability may be distinguished:
high (>2,000 x 10 cm sec for water; >20 for solutes)
allowing virtually complete equilibration of concentration
gradients across the membrane at physiological rates of
flow; low (<200 for water; <2 for solutes) allowing
virtually no movement; and intermediate (200 to 2,000 for
water; 2 to 20 for solutes) allowing substantial movement
but not complete equilibration. Water permeability was
taken to be intermediate in the descending limb of Henle's
loop, low in the entire ascending limb and high in the distal
convoluted tubule and collecting duct. Electrolyte permea-
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bility was high in the descending limb of Henle's loop.
Electrolyte reabsorption was active elsewhere in the neph-
ron, being governed by an assigned transepithelial con-
centration gradient of 200 mOsm/kg H20 in the entire
ascending limb of Henle, and by a fixed rate of reabsorption
(independent of concentration gradients) in the distal con-
voluted tubule and collecting duct. Urea permeability was
high in both descending limb and ascending thin limb of
Henle's loop, low in the thick ascending limb and distal
convoluted tubule, and increased gradually to a moderate
value by the end of the collecting duct. The vasa recta were
assigned extremely high permeabilities for water, electro-
lytes, and urea. These high permeabilities were taken in
order to guarantee that the model was operating under
optimal conditions, with the loss of medullary solutes via
the vasa recta reduced to a minimum. In fact in a normally
functioning kidney, vasa recta permeabilities are sufficiently
high to allow virtually complete equilibration, so that the
substitution of more realistic values in the model would
probably make rather little difference to the solutions
presented here. With the exception of these high values for
vasa recta, the values chosen corresponded reasonably well
to those reported in the literature (urea and water permea-
bilities have not yet been measured for the thick ascending
limb of Henle).
It should be emphasized here that the values used in this
paper, both for anatomical dimensions and for specific
membrane permeabilities, could be in error at several
points. The solutions obtained from this simulation should
thus be regarded as illustrations of some of the possibilities
inherent in the countercurrent system with two solutes,
rather than as totally definitive or reliable representations
of reality. In fact one of the advantages of the computer
approach described here, is that the effect of possible errors
in the assumed permeability values of Table 2 can be
examined through systematic variation of these permea-
bilities. The results of several such studies will be presented
in subsequent papers.
The steady-state solution resulting from the present set
of parameters is shown in Fig. 8. Tubular function may be
described as follows. In the descending limb of Henle,
osmotic equilibration takes place largely through tubular
entry of urea and electrolytes. In the thin ascending limb,
urea leaves the tubule so that the thin limb as a whole acts
as a countercurrent exchange diffuser for urea; little net
urea is removed from the inner medulla. Net addition of
urea to the loop as a whole thus occurs mainly in the outer
medulla via the short, not the long loops of Henle. Since
the thin ascending limb is relatively water impermeable,
active electrolyte reabsorption renders the tubular fluid
hypotonic to the adjacent interstitium. The thick ascending
limb of Henle's loop is impermeable to urea, so that urea
does not leave this segment. This contributes to a raised
urea concentration in the early distal tubule. In the distal
convoluted tubule, active sodium reabsorption occurs and
water is reabsorbed passively; therefore, by the end of the
736 265
890 467
11I11)] Inulin
,
[Elec] mOsm/kg H20
[jUrea] mOsm/kg H20
Fig. 8. Tubular fluid, urinary and interstitial concentrations of
electrolytes and urea in simulation of a rat kidney in antidiuresis.
Values for vasa recta are not given separately; at the high vasa
recta permeabilities employed, vasa recta concentrations were
equal to those in the interstitium at the same horizontal level.
Estimating osmolality as urea+ electrolytes, both the urine and
papillary tip were concentrated to 1,819 mOsm/kg H20. The
values of TF/P inulin, electrolyte and urea concentrations given
at the beginning and end of the distal convoluted tubule are
overall means for short- and long-looped nephrons taken
together. Thus, the decrease in mean TF/P inulin from 4.0 at the
bend of the longest loops to 3.3 in the early distal tubule is due
to the admixture of long and short loops, not to the entry of
water into ascending limbs. In this figure and Fig. 9, the point
of each bracket indicates the level at which the different solute
concentrations occur.
distal tubule, tubular fluid is about isotonic with plasma.
Little urea leaves the urea-impermeable distal tubule, and
so the fluid delivered to the cortical collecting duct has a
high urea concentration. The reabsorption of electrolytes
and water from collecting ducts in the outer medulla serves
to further increase the tubular urea concentration. Finally,
as the medullary collecting duct becomes more permeable
to urea, a large amount of urea is reabsorbed into the inner
medulla. The urine is concentrated to 1,819 mOsm/kg H20,
which is also the osmolal concentration at the tip of the
papilla. As can be seen from Fig. 8, under these conditions
there is a substantial cortico-papillary interstitial gradient
for both electrolytes and urea, a fact which is also shown
in Fig. 6.
A modified solution in simulated antidiuresis is shown
in Fig. 9. The parameters goveming membrane permea-
bilities are the same as those for Fig. 8, the only exceptions
being that electrolyte permeability in the descending limb
of Henle is very low, and water permeability in this segment
is doubled. Osmotic equilibration between interstitial and
descending limb fluid still occurs; a part of this equilibra-
tion results from urea entry as before, but the balance is
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Fig. 9. As in Fig. 8, except that in the descending limb of Henle's
ioop, water permeability was doubled and electrolyte permeability
was reduced to a very low value.
now achieved by water reabsorption rather than by electro-
lyte entry. Qualitatively, there are still substantial cortico-
papillary gradients for both electrolytes and urea, but
quantitatively these gradients are reduced and the urine is
concentrated to only 1,204 mOsm/kg H20.
Discussion
It has proved possible to simulate many features of the
process of urinary concentration by mammalian kidneys.
The differences between the models in Figs. 8 and 9 will be
discussed more fully below; but in broad, semi-quantitative
terms, the values for tubular fluid, urine, and interstitial
composition are in reasonable agreement with direct ex-
perimental measurements. This does not prove that current
concepts of how the renal countercurrent system operates
are actually correct; but the present study does show, with
greater quantitative rigor than has previously been possible,
that these concepts are probably adequate to account for
the major features of the renal concentrating mechanism.
Several more specific conclusions can be drawn. Firstly,
the present model does not include any special interactions
between the various channels at a given level, even though
Kriz [19] has demonstrated that there are regular anatom-
ical relationships between these channels, particularly in
the inner medulla. The present study, by ignoring these
special relationships, provides a 'base-line' against which
the functional significance of these relationships can be
evaluated. These anatomical relationships may very well
have functional significance in permitting fine quantitative
improvements in the efficiency with which the system
operates; but the present results indicate that it is not
necessary to invoke these special relationships in order to
account for any major qualitative features of the counter-
current system.
Secondly, it may be noted that the present model has
given rise to interstitial gradients not only for electrolytes,
which were actively transported, but also for urea, which
in this model moved only passively. This does not firmly
exclude the possibility of active urea transport, but it does
demonstrate that active urea transport is not theoretically
necessary in order to account for a substantial interstitial
urea gradient.
A final point, of interest and some uncertainty, concerns
the mechanism of osmotic equilibration between descending
limb fluid and the interstitium. The two major possibilities
are illustrated in Figs. 8 and 9. In Fig. 8, there is substantial
electrolyte entry with little water abstraction from the
descending limb. Experimental evidence for electrolyte
entry is provided by the work of de Rouffignac and Morel
[22] and Morgan and Berliner [23]; additional indirect
arguments in favor of this view have been presented by de
Rouffignac [241. A major problem with this view concerns
the value for TF/P inulin at the bend of the ioop. As shown
in Fig. 8, a model based on electrolyte entry predicts a
value of 4.0 for TF/P inulin at the bend. Micropuncture
samples from early distal tubules generally show TF/P
inulin in the range of four to seven, even in species with
100% long loops. Since it is theoretically most unlikely
that water could enter the ascending limb, which is hypo-
tonic to the interstitium along its entire length, this could
be taken as indirect evidence that TF/P inulin at the bend
of Henle's loop is indeed as low as 4.0. However, direct
micropunture of long loops of Henle gives values for TF/P
inulin which are generally in the range of 7 to 12 [25, 26]; in
the absence of any unrecognized artifact, these figures are
clearly inconsistent with the model presented in Fig. 8.
The major alternative possibility, illustrated in Fig. 9, is
that there is little electrolyte entry but substantial water
abstraction from the descending limb. The work of Kokko
[27], showing a high reflection coefficient for sodium in the
descending limb, provides support for this possibility. As
shown in Fig. 9, this model predicts a value for TF/P inulin
at the bend of Henle's loop which is much closer to reported
values. The actual value in Fig. 9, 7.85, is still somewhat
lower than most published values, but this is probably due
to the relatively low urinary concentration.
One possible problem with the model in Fig. 9 is the fact
that the urinary osmolality is substantially lower than in
the alternative model of electrolyte entry in Fig. 8. If Fig. 9
is indeed closer to reality, one might wonder why nature
has apparently chosen the less effective concentrating
mechanism. This indirect argument is very far from con-
clusive, but it may serve to raise the possibility that neither
of the models illustrated in Figs. 8 and 9 accurately represents
reality. Both models are based on the assumption that
electrolytes are actively transported out of the entire
ascending limb of Henle. The fact that computer simulation
of a model incorporating such transport has given results
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which are in accord with experimental observations is not
proof that such active transport is necessary to account for
the observations. In fact, an alternate model without active
electrolyte transport out of thin ascending limbs can also
simulate experimental data [28]. The question of how
osmotic equilibration between interstitium and descending
limb fluid is attained must therefore remain open, as must
the question of whether the thin ascending limb actively
reabsorbs sodium.
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